When setting up patients via image-guided positioning for external-beam radiotherapy, one can often determine the rotational corrections needed for optimal alignment, but once measured, they are not always applied. However, in rigid-body setup calculations the optimal translational component of the setup correction will be different depending on whether rotations are included or excluded from the correction procedure. Furthermore, if rotations go uncorrected then the optimal translation becomes dependent on the relative locations of the registration landmarks, the treatment site, and the rotational axes. If one is not going to make rotational adjustments to the patient position, then two guidelines should be followed: ͑1͒ the registration landmarks should closely demarcate the treatment site, and ͑2͒ rotational degrees of freedom should not be included in the calculation of setup adjustments.
I. INTRODUCTION
It is becoming commonplace to use radiographic imaging to guide patient setup prior to external-beam radiotherapy. Biplanar imaging, or an in-room computed tomography ͑CT͒, establishes the pose ͑position and orientation͒ of the patient in the treatment beam coordinate frame. Rigid registration of the setup images to the treatment planning study then determines the difference between the planning pose and the treatment pose. To ensure accurate beam alignment this pose difference should be made as small as possible. This is typically done by correcting the patient's position by the amount indicated in the rigid registration result. This technical comment is a cautionary note on how to use rigid registration tools for the most accurate setup results.
Many rigid registration algorithms can calculate all six degrees of freedom ͑three of translation, three of rotation͒ in the patient's pose. However, not all users of these algorithms can ͑or will͒ adjust the rotational setup of the patient to minimize the pose difference.
1 Under these circumstances, when only translations are to be corrected, how should the rotational degrees of freedom be handled in the rigid registration? Two guidelines for this situation will be demonstrated in this paper: ͑1͒ the registration landmarks should closely demarcate the targeted treatment site, and ͑2͒ the rotational degrees of freedom should not be included in the rigid registration.
II. METHOD AND RESULTS
The patient's anatomy can be represented by a collection of points in a coordinate frame. Designate a group of m anatomical points in the CT study by the m ϫ 3 coordinate matrix ͓A͔. The coordinates of the same set of anatomical points in the treatment room's imaging frame of reference is the m ϫ 3 matrix ͓B͔. For the purposes of rigid registration, one assumes that the treatment room's imaging frame is congruent with the treatment planning CT frame, but the patient's treatment pose does not necessarily match the planning pose. Ignoring anatomical deformation, the difference between the planning and treatment poses can be completely represented by a 3 ϫ 3 rotation matrix ͓R͔ and a translation vector T, such that
The image registration process determines the rotation ͓R͔ and translation T that optimally aligns points ͓A͔ to points ͓B͔. Optimal registration of the anatomy is generally defined to be the least mean square distance between corresponding points in the planning and the treatment poses. That is, the optimal alignment minimizes the quantity in Eq. ͑2͒:
where vectors A i and B i are the individual anatomical point coordinates. This formulation implicitly accommodates any uncertainties in the point coordinates that would result in an approximate rather than exact solution for the pose difference. If one excludes all three rotational degrees of freedom in the pose then ͓R͔ = ͓I͔ and the optimal registration is the translation TЈ : ‫ץ‬ 2 / ‫ץ‬T = 0 that connects the geometric centers of mass of the point landmarks in the planning and treatment poses.
Rigid image registration is intended to find the optimal anatomical registration in the sense defined above. Image registration is guided by the matching of image features that may or may not be point landmarks. However, provided that the features meet the minimum conditions for a well-posed registration problem ͓i.e., provide a minimum of three spatial constraints on the six-dimensional ͑6D͒ pose͔ one should obtain the same solution for the pose difference regardless of what particular features are used or how the registration is done. This should be the case whether the pose is calculated via two-dimensional/three-dimensional ͑3D͒ image registration, 3D/3D image registration, or purely analytical means using an equivalent distribution of point landmarks, as in Eq.
͑2͒.
2 We will therefore use the analytical solution ͑which is the most general͒ to address the question of this paper.
For the analytical solution, one finds the centers of mass ͗A͘ and ͗B͘ of points ͓A͔ and ͓B͔. These are separated by a translation TЈ. The rotation matrix is independent of translational shifts of the coordinate frame origin. Shifting each group of points to its respective center of mass ͑CM͒ removes the translation TЈ and allows solution for the rotation
This is referred to as the orthogonal Procrustes problem and can be solved via singular value decomposition. 2 One then gets the translation
We note that
so that if the rotation is not calculated then the optimal translation T = TЈ, as shown above via Eq. ͑2͒. This analysis shows that the optimal translations are determined by the center of mass ͑CM͒ of the registration landmarks in both 3D and 6D registration. The discussion so far addresses optimal anatomical registration, not optimal target alignment. If one can measure and correct all six degrees of freedom in the pose difference, then optimal registration will, in principle, produce optimal target alignment. In particular, it does not matter where the CM of the registration features ͑i.e., the anatomical landmarks͒ is relative to the target site or the imaging coordinate origin. However, if one does not correct the rotations, then these positional relationships do matter. Under these circumstances the best possible target alignment correction can differ greatly from the translational correction indicated by image registration, as will now be shown.
We first look at the position of the landmarks relative to the treatment site. The issues are easily demonstrated by considering a cranial treatment site near the inside surface of the skull. If the skull rotates 5°left/right around its center axis the target can move a centimeter or more. Assume that the setup images used for registration show the complete outline of the skull. If the entire skull area ͑or perimeter͒ is used in the registration then the landmark CM will be approximately at the center of rotation and both the 3D and 6D registration results will indicate no translation. If the rotation is uncorrected then the target shift goes completely uncorrected. Now suppose that the treatment site is at the center of the skull but registration is based on a section of the outer skull surface with a CM far from the rotation axis. In this case rotation has little or no effect on the target position but a 3D registration will indicate a translational correction that actually moves the target out of alignment. Finally, consider a lesion near the inside skull surface and registration landmarks localized on the opposite side of the skull. As before, the rotation moves the target about 1 cm. A 6D registration will indicate little or no translation. If the rotation is not corrected then the target misalignment goes uncorrected, as above. On the other hand if a 3D registration is made for the localized landmarks, the indicated translation will actually be in the wrong direction and will result in an even greater targeting error. Only if the registration landmarks are localized to the neighborhood of the treatment site will a translation-only setup correction based on rigid registration be able to improve the target alignment. In all other situations the optimal registration ͑3D or 6D͒ will not deliver the best possible translational setup correction. Therefore, if rotations cannot or will not be corrected, the registration landmarks should be localized to the treatment site. That is, the landmark and target CMs should roughly coincide. This situation will be assumed for the next part of the analysis.
The second issue is the location of the target/registration landmarks relative to the center of the imaging coordinate frame. The important point to consider here is that the result for T ͑but not TЈ͒ depends on where the anatomical points ͓A͔ and ͓B͔ ͑and thus the target also͒ are positioned in the imaging coordinate frame. Consider two situations. In the first, the center of mass ͗A͘ is at the imaging origin. The anatomical points rotate around ͗A͘ and translate by T = TЈ = ͑x 0 ,0͒ to get image B, as in Fig. 1 . If one calculates all six degrees of freedom for the pose change, then the registration is exact and one gets T = TЈ = ͑x 0 ,0͒, as expected. If one calculates only translations then the registration match is only approximate but the best estimate for translation is still the difference between the center of mass positions TЈ = ͑x 0 ,0͒. Therefore, in this case a registration using only the three translational degrees of freedom will return the same translational setup correction as a registration using all six degrees of freedom. If one is only going to correct for translations, nothing is gained by allowing for rotations in the registration.
In the second situation, move the point cluster ͓A͔ away from the imaging origin, as in Fig. 2 . Now apply only a rotation in the imaging plane to get image B. Once again, a complete 6D pose calculation will make an exact registration of A to B and return ͓R͔ and T. However, in this illustration the translation T = 0 in the imaging frame ͑i.e., the rotation accounts for all of the displacement͒. If one does not plan to make any setup corrections for the rotations ͓R͔ then one will erroneously conclude that zero translation represents the best setup correction. In fact, if one is not going to correct rotations then the best setup correction using only translations would be to translate the center of mass by TЈ = ͗A͓͘R͔ − ͗A͘, as shown in Fig. 3 . As noted above, this is what one would obtain by doing the registration using only translational degrees of freedom in the first place
Therefore, in this case one does worse by registering the images with six degrees of freedom and then correcting only translation than if one registered with only translational degrees of freedom. The error increases monotonically as the landmark ͑and thus the target͒ CM gets further from the imaging origin.
III. DISCUSSION
In rigid-body setup calculations the optimal translational component of the setup correction is different depending on whether rotations are included or excluded from the setup correction. Furthermore, if rotations are not computed and/or corrected, then the optimal translation becomes dependent on the relative positions of the registration landmark CM, the target CM, and the imaging coordinate origin. We have shown that, if one is only going to correct translations, then the rigid registration should be based on landmarks with a center of mass approximately coincident with the treatment site CM. This condition is met, for example, by basing the image registration on selected landmarks that are close to the treatment site 1 ͑as for example when fiducials are implanted in and around the prostate͒. We have then shown that under these conditions, if one calculates all six degrees of freedom in the pose but applies only the translational shift, one will almost always have a worse setup than if one calculates only the 3D translational pose correction in the first place ͑ne-glecting the unique situation in which the landmark CM exactly coincides with the imaging origin͒. The discrepancy between the translations computed in 6D and the optimal translational correction that should be applied when limited to translational adjustments increases as the CM of the landmarks ͑and thus the target͒ gets further from the imaging ͑or anatomical͒ rotational axes. The demonstration of these two sources of error is based on the general definition of a rigidbody pose; it does not depend on the particular details of how the pose is actually estimated using image registration or other methods ͑for example, the Calypso electromagnetic transponder system 3 establishes setup pose by directly measuring the 3D coordinates of point fiducials placed around the target site, without processing or registering images of the fiducials͒.
In some clinics where it is possible to correct for rotations, the decision to correct is based on an action level, i.e., there is a rotation threshold below which the correction is not applied. The argument above applies to this situation as well. If the initial 6D pose measurement returns angular corrections that are below the action level, then the image registration should be rerun with appropriate local landmarks and only the translational degrees of freedom to find the most accurate translations to apply in the absence of rotational adjustment.
Conversely, if one can make corrective rotations as well as translations then one must consider the details of the correction process. Unless the rotational axes around which the corrections will be made exactly coincide with the imaging coordinate axes used for registration, or the computed rotations and translations have been automatically translated to the motion axes of the couch, one should not make the 6D correction all in one step. Referring again to Fig. 1 , suppose the 6D pose estimation was made in the imaging coordinate frame with the center of mass of the anatomy near the imaging origin. The result returns a rotation and a translation for correction. Now consider a couch with rotational axes that are not congruent with the imaging coordinate axes ͑as in Fig. 2͒ . Applying the computed rotation around these axes will introduce a translation not present in the original pose estimate. After correcting for rotation, the new translational correction must be estimated by recomputing the rigid regis- tration. Therefore, unless the setup corrections are automatically translated into adjustments in couch coordinates, rotation should be estimated and corrected first, followed by translation, and not vice versa. 4 If the rotational corrections are made by repositioning the patient on the couch, then the computed corrections will almost certainly not apply to the patient's rotational axes and the corrections should be made in two steps.
To conclude, image-guided setup using only translations should follow two rules if there is any chance of significant pose rotation: ͑1͒ the image registration features should coincide with the target site, and ͑2͒ rotations should not be included in the setup calculation. However, complete ignorance of rotational differences is never a good thing. Therefore, the most appropriate procedure would be to first calculate all six degrees of freedom to see how big the pose difference is. ͑One might find that the difference is so great that the setup process must be completely redone.͒ Then, if the rotations cannot or will not be corrected, one should look carefully at the relative position of the target and the registration landmarks to see if a translation alone is going to improve targeting. If it will, then one should recalculate using only translational degrees of freedom to get the best alignment shifts. If all six degrees of freedom can be corrected, then the correction process usually requires two steps-measurement of translation and rotation followed by correction of rotation, then re-measurement of translation ͑and rotation͒ followed by correction for translation. It is therefore essential that users of automated setup correction software be able to choose registration landmarks and turn off those degrees of freedom that will not or cannot be adjusted during setup.
